The emerging fifth-generation (5G) wireless and mobile communications demand highperformance phase shifters to enable the multi-channel transmit/receive systems with phase control ability. In this work, a size-miniaturized wideband phase shifter based on slow-wave half-mode substrate integrated waveguide (SW-HMSIW) is presented. The proposed SW-HMSIW is consisting of conventional HMSIW section and periodically-patterned non-uniform microtrip polyline unit cells. Patterning polyline unit cells in HMSIW can effectively enhance the product of the equivalent permittivity and permeability of SW-HMSIW, so that the slow-wave effect can be exhibited and its associated size reduction will be further achieved. Moreover, lengths and widths of segments of the proposed polyline unit cell can influence the equivalent permittivity and permeability of the SW-HMSIW, and consequently change its phase constant and cutoff frequency. Hence, for a SW-HMSIW with a fixed physical length, an electrical length variation, i.e, phase shift, can be achieved as segments of the polyline employ various lengths or widths. Based on this principle, a wideband equal-width equal-length SW-HMSIW phase shifter is implemented. Measured results are in good agreement with simulated ones, with a phase shift of 90.5 ± 3 degree and a fractional bandwidth of 43.0% achieved. Compared with some similar reported works, the proposed one shows a size reduction more than 80% as well as good magnitude and phase deviations performance. Moreover, its miniaturized size and equal-width equal-length structure make it suitable for the complex multi-channel modules and networks of the 5G applications.
I. INTRODUCTION
Recent years have witnessed the extraordinary prosperity of the fifth-generation (5G) wireless communications. Typically, for the application scenarios of 5G such as the enhanced mobile broadband (eMBB) and the massive machine-type communications (mMTC), the antenna subsystem of a base The associate editor coordinating the review of this manuscript and approving it for publication was Giovanni Angiulli . station is expected to radiate a single high-gain transmit beam to extend the transmission distance, or generate multiple medium-gain transmit beams simultaneously toward different directions for different terminals [1] . Hence, antenna arrays with agile functions are highly demanded in the 5G applications. Figure 1 sketches the simplified diagram of a typical transmit module for the base-station applications in 5G system [2] . Obviously, the transmit module consists of one baseband unit, M radio frequency (RF) units, and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 1. Simplified diagram of a typical transmit module for the base-station application in 5G system. an array antenna with N elements. In each RF unit, there are N /M RF chains for the frequency up-conversion and power amplification of each input signal and N /M phase shifters for the phase control of the input signal. In practical applications, the RF chains and phase shifters are able to separately control the magnitude and phase characteristics of the input signals, thus eventually changing the beam pattern radiating from the antenna arrays. Therefore, the phase shifter has been recognized as a key enabling component for the future 5G applications in the wireless community. Particularly, phase shifters with compact size, small phase deviation, low insertion loss and large bandwidth are highly demanded in the large-scale antenna arrays and complex multi-channel networks.
In the literature, various technologies have been developed to implement higher-performance phase shifters. Among these alternatives, substrate integrated waveguide (SIW) is an attractive one since it is a good platform to realize planar, highly-integrated and low-loss microwave and millimeter wave circuits [3] . In the past dozen years, different methods have been investigated incorporating the SIW to implement high-performance phase shifters [4] - [18] . First of all, SIW delay line is the simplest form of phase shifter. In [4] , two metallic posts are loaded into SIW to perturb distribution of the incident wave to alter its phase. Unfortunately, owing to its resonant building-block, fractional bandwidth (FBW) of the post-loaded SIW phase shifter is just 0.3%, which is incapable for wideband applications. To effectively enhance the FBW of SIW phase shifter, some hybrid technologies are developed. One amazing idea is introducing compensation for the intrinsic frequency dispersion of SIW phase shifters. In [5] , the equal-length unequal-width SIW phaser is proposed and combined with the conventional SIW delay line to extend the FBW to 45%. This idea has been widely used to antenna arrays. For instance, the multi-folded butler matrix of the multi-beam antenna array reported in [6] contains several unequal-width SIW phase shifters for various phase control. A 2-D scanning SIW muilti-beam array employs the unequalwidth phase shifters for its beamforming network as well [7] . Moreover, air holes [8] and rod-shaped artificial dielectric slabs [9] have also been loaded into SIW to change the equivalent permittivity and permeability of the substrate, which can further influence the phase constant, and thus to realize phase shift eventually. In [10] , the unequal-width dielectric slab is stuffed in the air-filled SIW (AFSIW) to implement compensated phase shifter, which achieves a phase shift of 43 ± 6 degree with a FBW about 42.4%. Currently, the AFSIW has been recognized as an attractive platform for ultra-wideband signal transmission and interconnect applications, since the filled air in SIW is able to contribute to lower dielectric loss, wider bandwidth and higher flexibility. In [11] , an equal-width unequal-length phase shifter based on the slab AFSIW, a derivative of the conventional AFSIW, is realized and achieves 86 ± 5.4 degree phase shift in Ka-band. Later, the slab AFSIW is further utilized to implement a Ka-band self-compensating unequal-width equallength phase shifter, with 88 ± 7.8 degree phase shift being exhibited [12] . On the other hand, another self-compensating SIW phase shifter etches long slots in SIW to reroute its surface current distribution and vary its phase [13] . It exhibits a phase shift of 90 ± 4 degree with a FBW of 25%. In [14] , a fusiform slot is etched on SIW to implement a phase shifter covering 33 to 49 GHz, corresponding to a FBW of 39%, with a phase shift of 92 ± 4 degree. Furthermore, both metalized posts and circular slots have been loaded into SIW to design phase shifter with a FBW of 10% [15] . This work is interesting owing to its equal-width equal-length structure making it much more preferred in complex antenna arrays and multi-channel networks than other types of SIW phase shifter. In [16] , metallic via-holes and interdigital slots are combined together to realize a phase inverter with 27.4% FBW and 160 ± 10-degree phase shift. More recently, some novel techniques have been reported. In [17] and [18] , multilayer frequency-dependent progressive phase shifters based on SIW are developed. In this type of SIW phase shifter, short-ended SIW sections with various offsets are placed in the adjacent substrates to help extend the FBW to 10%. Meanwhile, the unequal-width SIW phase shift structure is introduced into multi-layer frequency-dependent progressive phase shifter to enhance its FBW to over 25.5% [19] . In addition, the ridged SIW has been utilized to design phase shifters for Rotman lens antenna, which achieved a FBW of 13% [20] . However, most of the reported SIW phase shifters mainly focus on acquiring smaller phase deviation, larger FBW or better magnitude flatness. Particularly, to our best knowledge, none of the aforementioned works considered the matter of size miniaturization. The AFSIW phase shifters even occupy much larger physical sizes, since the filled air will decrease the effective permittivity of AFSIW.
Recently, an emerging slow-wave SIW (SW-SIW) guidedwave structure was proposed to reduce the transverse size of conventional SIW [21] and its half-mode form has been used in coupler design successfully [22] . However, application of this emerging structure to other microwave components has seldom been investigated, particularly for the antenna and phase shifter applications. Based on the reasons listed above, the slow-wave half-mode SIW (SW-HMSIW) is utilized to realize compact wideband phase shifter in this work. Section II presents guided-wave properties of the SW-HMSIW with non-uniform polyline unit cells. Design procedures of the proposed size-miniaturized equal-width equal-length SW-HMSIW phase shifter are listed in Section III. In Section IV and V, experimental results of the proposed phase shifter and comparison with some reported similar works are discussed in brief, respectively. Finally, conclusions are given. Figure 2 shows three-dimensional views of the conventional HMSIW, the SW-HMSIW with uniform polyline unit cells reported in [22] , and the proposed SW-HMSIW with nonuniform polyline unit cells. From Fig. 2 , the conventional HMSIW consists of one substrate, two surface metal covers, and one column of metallized via-holes. The early reported SW-HMSIW in [22] can be regarded as a unique HMSIW with a defected top metal cover instead of an intact one. On one hand, the defected cover can be realized by periodically etching the metal cover of the conventional HMSIW with specific fractal patterns. On the other hand, the metal cover can be implemented by removing the intact top metal cover firstly and then periodically patterning microstrip polyline unit cells. Furthermore, it can be easily obtained from Fig. 2 that the proposed SW-HMSIW is patterned with nonuniform polyline unit cells on its top surface, which is much different from the early one with uniform polyline unit cells in [22] .
II. SW-HMSIW WITH NON-UNIFORM POLYLINE UNIT CELLS
As the microstrip polyline unit cells are periodically patterned on the top metal cover of HMSIW, distributions of the surface current will be rearranged and enhanced along the segments of the microstrip polyline unit cells. Accordingly, distributions of the electromagnetic fields in the substrate, particularly the distribution of the magnetic field, will be transformed remarkably [21] . Moreover, since the entire SW-HMSIW is fully patterned with microstrip polyline unit cells, distributions of its surface current and electromagnetic fields are entirely changed as well, so that broadband guidedwave characteristic can be achieved eventually. This phenomenon is just similar as that in the microstrip transmission line [23] . More exactly, for the SW-HMSIW with polyline unit cells, the variation of distributions of the electromagnetic fields in the substrate is a representation of varieties of equivalent permeability and permittivity of the entire guidedwave structure, which is able to generate slow-wave effect and further to realize size reduction.
To study the guided-wave properties of the proposed SW-HMSIW clearly, some theoretical analyses are investigated. Firstly, the proposed non-uniform microstrip polyline unit cell is analyzed in detail, with its geometry and simplified equivalent-circuit model being given in Fig. 3 . As shown in Fig. 3(a) , b1, b2 and b3 denote the longitudinal lengths of the polyline unit cell along x-axis, while b4 and b5 represent the transverse lengths along x-axis. Along y-axis, b6 and b7 are the longitudinal lengths, and b8 denotes the transverse length. Meanwhile, for the simplification of analyses and design, all segments of the proposed polyline unit cell are with identical width a. The host substrate is homogeneous and isotropic as well, with a relative permeability of µ r = 1. Hence, it can be easily obtained from Fig. 3 (a) that length of the polyline unit cell along x-axis is mainly determined by b1, b2 and b3, while its length along y-axis mainly depends on b6 and b7. Afterwards, for the equivalentcircuit model in Fig. 3(b) , L x and L y stand for the equivalent inductances of the proposed polyline unit cell along x-and y-axis, respectively. C z is the grounded capacitance between the polyline and bottom metal cover. Moreover, d x , d y and d z separately represent lengths of one single equivalent-circuit model unit along x-, y-and z-axis. For the proposed polyline unit cell, there is actually coupling effect between the serpentine segments, which may result in parasitic capacitance between them. Thanks to the intrinsic inductive effect of the polyline unit cell being much stronger than the mutual coupling between its serpentine segments, the former is dominant in the frequency range of interest of typical applications, while the latter is just able to produce slight parasitic capacitance. Therefore, the simplified equivalent-circuit model in Fig. 3 (b) only contains equivalent inductances along x-and y-axis, whereas the inner parasitic capacitances are neglected. Additionally, even though the equivalent-circuit model is simplified, it is accurate in limited frequency range, which is the very range of interest for practical applications.
Secondly, based on the effective medium approximation, namely the effective medium theory, the proposed nonuniform polyline unit cell can be equivalent as an effective medium as it is electrically small [23] - [26] . Hence, the equivalent permittivity and permeability of the polyline unit cell can be characterized by its equivalent circuit elements. Moreover, since the proposed polyline unit cell is nonuniform along the three axes of the Cartesian coordinates, its equivalent circuit elements along the three orthogonal axes should be different. Therefore, its equivalent permittivity ε eq and permeability µ eq along the three orthogonal axes will be different as well and are supposed be expressed in matrix form. In other words, the proposed non-uniform polyline unit cell can be equivalent as effective anisotropic homogeneous medium. Furthermore, it can be easily obtained from Fig. 3 (a) that the microstrip of the proposed non-uniform polyline unit cell along x-axis is perpendicular to that along y-axis. Meanwhile, there is no microstrip extending along z-axis in the proposed non-uniform polyline unit cell, which means the microstrip along x-and y-axis will not be affected by the z-axis. Hence, as depicted in [27] and [28] , cross terms in the equivalent permittivity and permeability matrices of the proposed non-uniform polyline unit cell are supposed to be zero. Therefore, the equivalent permittivity and permeability matrices can be approximated as diagonal and expressed as:
where µ eqx , µ eqy and µ eqz separately represent the equivalent permeability along x-, y-, and z-axis, while ε eqx , ε eqy and ε eqz denote the equivalent permittivity along x-, y-, and z-axis, respectively.
Thereafter, according to [21] , [23] and [27] , as the polyline unit cell is equivalent as propagation medium, its equivalent permittivity and permeability are both consisting of two different parts. The first parts mainly consist of the intrinsic material parameters of the host substrate, and the other parts are attributed from the equivalence effect of microstrip polylines. Meanwhile, the proposed polyline unit cell in Fig. 3 contains no inductance along z-axis, nor capacitance along x-and y-axis. Hence, ε eqx , ε eqy , and µ eqz are only consisting of the intrinsic material parameters of the host substrate:
where µ 0 = 4π ×10 −7 H/m is the permeability of free-space, and ε 0 = 8.854 × 10 −12 F/m is the permittivity of freespace. µ r represents the relative permeability and is equal to 1 for most non-magnetic materials. ε eff is the effective permeability of microstrip line, which is mainly determined by the width of microstrip, the permittivity and thickness of substrate, and the frequency [29] . Furthermore, Z x and Z y in Fig. 3 (b) respectively denote the impedance of the equivalent-circuit model along x-and y-axis, and Y z indicates the admittance along z-axis. Then, it can be obtained that Z
where ω = 2πf is the angular velocity. Meanwhile, Z x , Z y and Y z can be expressed by the equivalent permittivity and permeability of the circuit-equivalent medium:
Here, µ x and µ y are equivalent permeability along x-and y-axis that are contributed from the circuit equivalence effect of microstrip polylines. ε z is the equivalent permittivity of the circuit equivalence effect along z-axis. g is the ratio of the characteristic impedance of the microstrip line to the intrinsic impedance of the bulk medium, and can be calculated as [21] , [29] :
where h is thickness of the substrate, and w is width of the microstrip line. According to (3a), (3b), (3c) and the expressions of Z x , Z y and Y z , it can be captured that: Therefore, µ eqx , µ eqy and ε eqz can be calculated as:
It can be easily obtained from (6a), (6b) and (6c) that the electrically-small polyline unit cell can exhibit larger equivalent permittivity along z-axis than that of the host substrate, and larger permeability along x-and y-axis than those of the host substrate, so that the slow-wave effect will be generated and size miniaturization can be achieved.
Afterwards, the SW-HMSIW is formed by periodically patterning the proposed non-uniform polyline unit cells into the top metal cover of the conventional HMSIW, with its configuration shown in Fig. 4 . It can be seen that the waveguiding direction is along x-axis, the transverse resonance direction is along y-axis, and the substrate thickness is along z-axis. p is the center-to-center spacing between adjacent via-holes, and r is the radius of via-holes. w and l denote the physical width and length of the SW-HMSIW, respectively. It can easily captured that w = 8 · (b6 + b7) and l = 2 · (b1 + b2 + b3). Moreover, as sizes of the periodical unit cells in a transmission line is much smaller than half-wavelength, the entire transmission line structure can be regarded as effective homogeneous medium, which has been indicated in [25] - [27] . Meanwhile, as mentioned above, the proposed electrically-small non-uniform polyline unit cell can be equivalent as effective medium as well. Hence, according to these two points, as the proposed electricallysmall non-uniform polyline unit cells are periodically patterned, the entire macroscopic structure is able to be equivalent as effective anisotropic homogeneous medium. That is, the equivalent permeability and permittivity of the entire structure along the three axes are separately equal to the corresponding ones of a single non-uniform polyline unit cell. In this way, the entire SW-HMSIW can be regarded as a unique dielectric-filled waveguide. Equivalent permeability and permittivity of the filled dielectric can be calculated immediately by formulas listed in (2) and (6) . Therefore, the phase constants, phase velocities and cutoff frequencies of the transmissible modes in the proposed SW-HMSIW can be interpreted as two parts: 1) the corresponding counterparts of conventional rectangular waveguide (RWG) with same equivalent width; 2) the material parameters of the equivalent medium [21] , [28] . Hence, they can be calculated by:
where k c−m0 = mπ/(2w eff ) is the cutoff wave number of the corresponding RWG of the SW-HMSIW. m is an integer to indicate the transmissible mode. w eff is the equivalent width of SW-HMSIW and its corresponding RWG, which is related to parameters w, p and r in Fig. 4 . Thirdly, to understand the guided-wave properties of the proposed SW-HMSIW more directly, some numerical simulations have been carried out. All numerical simulations listed below are proceeded by using a commercial threedimensional full-wave electromagnetic simulator based on the finite element method (FEM). Meanwhile, the substrate modeled in simulations is setup with a relative permittivity of 2.2, a dielectric loss tangent of 0.0009, a relative permeability of 1, and a magnetic loss tangent of 0. The copper metal with a thickness of 0.035 mm is setup as conductor in simulations. For all simulations, the phase constant (β) and Slow-Wave Factor (SWF) of the dominant mode in the proposed SW-HMSIW are the main figure of merits for analyses. SWF is defined as: SWF = v p−SW /c, where c is the free-space speed of light. Similarly, considering the corresponding conventional HMSIW of the SW-HMSIW is with phase velocity of v p−HM , and the isotropic homogeneous substrate is with a relative permittivity of ε r . Then, the slow-wave phenomenon in the conventional HMSIW can be denoted by SWF HM = v p−HM /c. Later, by combining slow-wave factors and equations (6)-(9) together, it can be derived that: as µ eqx · ε eqz > ε r , then v p−SW < v p−HM and SWF < SWF HM , which means the proposed SW-HMSIW will exhibit slow-wave effect on the basis of its corresponding conventional HMSIW. with h decreasing from 1.016 mm to 0.254 mm. At the same frequency in the passband, the thicker h is, the smaller the phase constant is, and the larger its SWF is. Hence, it can be summarized that increasing the thickness of substrate will make both the cutoff frequency and phase velocity higher, and consequently weaken the slow-wave effect and size miniaturization. On the other side, as shown in Fig. 5(c) , both the phase constant and cutoff frequency move higher with the increasing of the width of polyline. Once the frequency in the passband is fixed, the phase constant will decrease as the width of polyline increases. It can be further captured from Fig. 5(d) that, at the same frequency, both the SWF and phase velocity get smaller with a decreasing, which indicates that the slow-wave effect is enhanced and more size reduction is able to be achieved. Moreover, for a fixed SWF, namely fixed phase velocity, the operation frequency will shift downwards as a gets narrower.
Subsequently, Fig. 6 gives influence from the transverse lengths along x-axis of polyline, b4 and b5, on the guidedwave properties of the proposed SW-HMSIW, as well as values of other geometrical parameters for simulation. Firstly, according to Fig. 4 , changing b4 or b5 can just influence the total length of polyline, while the overall size of the proposed SW-HMSIW, namely w · l, is unaffected. As shown in Fig. 6(a) , with b4 or b5 increasing, the cutoff frequency shifts lower, and the phase constant moves downwards as well. Moreover, at the same frequency in the passband, the phase constant will enlarge with the increasing of b4 or b5. For the proposed SW-HMSIW with a fixed physical length of l, a larger phase constant will produce a larger electrical length, and be able to achieve a larger phase shift. In other words, for the proposed SW-HMSIW with a fixed electrical length (no phase shift), increasing its phase constant typically means decreasing its physical length. Moreover, as b4 or b5 becomes longer, the increment of phase constant at the low frequency region of the passband is smaller than that at the higher frequency region. This is mainly attributed from the inherent dispersion characteristics of SW-HMSIW. From Fig. 6(b) , at a fixed frequency in the passband, as b4 or b5 gets longer, the SWF becomes smaller, which means phase velocity of the proposed SW-HMSIW slows down, and the slow-wave effect gets stronger. Then, another interesting result is that the simulated phase constant and SWF under the condition ''b4 = 0.3 mm, b5 = 0.5 mm'' is almost the same as the corresponding counterparts under the condition ''b4 = 0.5 mm, b5 = 0.3 mm''. In fact, for these two conditions, their sum lengths are both equal to ''b4 + b5 = 0.8 mm''. Exactly speaking, the guided-wave properties of the proposed SW-HMSIW can be effectively influenced by the total transverse length of polyline along x-axis, i.e., ''b4 + b5'', instead of the individual b4 or b5.
As mentioned above, b8 is the transverse length of polyline along y-axis. This parameter also has significant influence on the guided-wave properties of the proposed SW-HMSIW, as sketched in Fig. 7 . Obviously, as b8 lengthens from 0.4 mm to 1.0 mm, cutoff frequency of the proposed SW-HMSIW shifts from 3.43 GHz to 2.79 GHz, and the phase constant over the entire passband moves towards lower frequency as well. At the same frequency over the passband, the increase of b8 will make the phase constant larger and the SWF smaller, so that to contribute to slower phase velocity and stronger slow-wave effect. In this way, more size reduction of the SW-HMSIW can be achieved eventually.
In addition, the overall physical size of the proposed SW-HMSIW is mainly determined by its physical with w and physical length l. Meanwhile, as depicted in Fig. 4 , w = 8 · (b6 + b7) and l = 2 · (b1 + b2 + b3). Hence, it is essential to point out that changing b4, b5 or b8 will not affect w and l. Therefore, the overall physical size of SW-HMSIW will keep unchanged as b4, b5 or b8 varies. On the other hand, as demonstrated in Fig. 7 , changing (b4 + b5) or b8 can both have remarkable effect on the guided-wave properties of the proposed SW-HMSIW. All in all, guided-wave properties of the SW-HMSIW can be tuned by only varying the polyline unit cells, without changing its physical length or width. Figure 8 lists the simulated phase constant and SWF of the proposed SW-HMSIW with various combinations of the longitudinal lengths of polyline. Fig. 8 (a) and 8(b) gives the phase constant and SWF under different combinations of the longitudinal lengths along y-axis, i.e., b6 and b7, respectively. Comparing the three parameter combinations ''b6 = 0.6 mm, b7 = 0.6 mm'', ''b6 = 0.4 mm, b7 = 0.8 mm'' and ''b6 = 0.8 mm, b7 = 0.4 mm'' together, it can be captured that they all satisfy ''b6 + b7 = 1.2 mm''. Obviously, as the combination of b6 and b7 varies differently while (b6 + b7) is fixed, phase constant and SWF of the SW-HMSIW is nearly unchanged, only with very slight difference close to the cutoff frequency. In fact, since b1, b2 and b3 are fixed, and w = 8·(b6+b7), the three cases in Fig. 8 (a) and 8(b) are all for a SW-HMSIW of the same overall size. Similarly, the three conditions in Fig. 8 (c) and 8(d) have one thing in common that ''b1 + b2 + b3 = 1.3 mm'', and their corresponding phase constants and SWFs are almost separately identical. Moreover, under these three conditions, the overall physical size of SW-HMSIW keeps unchanged. Therefore, in practical applications of the proposed SW-HMSIW, its overall physical size can be unchangeable by keeping ''b1 + b2 + b3'' and ''b6 + b7'' fixed, while its guided-wave properties can be effectively changed by tuning b4, b5, and b8.
III. SW-HMSIW PHASE SHIFTER
To demonstrate the potential applications of the proposed SW-HMSIW patterned with non-uniform polyline unit cells, a microwave phase shifter is designed. First of all, by utilizing the SW-HMSIW structure, slow-wave effect will be exhibited and size miniaturization can be achieved. Hence, it can be predicted that the phase shifter is able to be compact. Secondly, to verify the concept of changing guided-wave properties of the SW-HMSIW without altering its overall physical size, the phase shift line and its reference line are considered with equal width and equal length. Thirdly, or more importantly, it is necessary to emphasize that the phase shifter with equalwidth equal-length structure is much preferred and demanded in complex applications such as multi-channel networks and large-scale antenna arrays, which has also been indicated in Section I. For instance, in the large-scale antenna arrays, if the phase shifters for array elements are with different lengths or widths, it might encounter inconvenience or even difficulty to configure the array elements. Actually, unequalwidth or unequal-length phase shifters usually cause the spacing of array elements being enlarged, which will consequently result in the entire antenna occupying a larger physical size. On the contrary, utilizing phase shifters with equal width and equal length is more convenient to arrange all array elements. Thus, the equal-width equal-length phase shifters are more attractive. Figure 9 gives schematic diagrams of several different types of SIW phase shifter. For the simplification of analyses, all the top metal covers, whatever intact or defective, are ignored, while only lengths and widths of SIW sections are indicated. Firstly, phase shifting effect of the equal-length unequal-width SIW in Fig. 9 (a) is mainly contributed from the difference between the transverse widths w1 and w2. As demonstrated in [5] , phase constant of the conventional SIW is proportional to its transverse width by square root. Then, for the cases in Fig. 9 (b) and 9(c), the effective permittivity of the AFSIW can be notably enhanced by embedding high-permittivity dielectric slabs. Consequently, phase constant of the AFSIW will be enlarged as well [12] . Thirdly, as shown in Fig. 9(d) , the two SW-HMSIW sections are with same width w, same length l, and identical substrate. Moreover, as discussed above, by tuning the widths or transverse lengths of the polyline unit cells in the two SW-HMSIW sections differently, their equivalent permeability and permittivity along various axes will be changed as well, and their phase constants will be different eventually, namely β 1 = β 2 . Hence, although the two SW-HMSIW sections are with equal-width equal-length structure, a phase shift θ = θ 1 − θ 2 = (β 1 − β 2 ) · l can still be achieved by tuning the polyline unit cells.
A. PHASE SHIFTER
Based on the basic SW-HMSIW structure shown in Fig. 4 , a microwave phase shifter is designed. Figure 10 shows detailed configurations of the proposed equal-width equallength SW-HMSIW phase shifter. The entire phase shifter contains two individual parts. One is the reference line with two input and output (I/O) ports labeled as P1 and P2, as shown in Fig. 10 . The other part is the phase shift line in Fig. 10(b) , with I/O ports P3 and P4. The reference line consists of one SW-HMSIW section with periodicallypatterned non-uniform polyline unit cells, two 50-ohm microstrip lines, and two tapered transitions between the microstrip line and SW-HMSIW. Meanwhile, tapered transitions and microstrip lines are bounded by planes AA' and BB'. The phase shift line is also consisting of one SW-HMSIW section, two microstrip lines, and two tapered transitions. Moreover, planes CC' and DD' denote the two boundaries between tapered transitions and microstrip lines. Comparing the phase shift line and the reference line, it can be found that their main difference lies in the detailed patterns of polyline. Additionally, the tapered transitions of the reference line can be different from those of the phase shift line.
Subsequently, for the proposed SW-HMSIW phase shifter in Fig. 10 , the reference line is with a length of l1 and a width of w1, and the phase shift line is with a length of l2 and a width of w2. Meanwhile, it can be captured that w1 = 8 · (b6 + b7), l1 = 14 · (b1 + b2 + b3), w2 = 8 · (d6+ d7), and l2 = 14·(d1+d2+d3). Hence, the equal-width equal-length phase shifter structure means that w1 = w2, l1 = l2. Besides, as is known, the electrical length of a SW-HMSIW section with physical length lg can be expressed as θ SW (ω) = β · lg [28] . On one hand, by changing lg differently, the electrical length will be different as well, and a phase shift can be achieved. On the other hand, the phase shifting function can also be realized by tuning β differently but keeping lg fixed.
Based on the aforementioned theoretical analyses and numerical simulations in Section II, as the widths (a and e) or the transverse lengths (b4, b5, b8 in the reference line, and d4, d5, d8 in the phase shift line) of the polyline unit cells vary differently, phase constants of the reference line and phase shift line will be different from each other as well. Therefore, in the proposed equal-width equal-length SW-HMSIW phase shifter, as the polyline unit cells in the reference line are with different width or transverse length as the polyline unit cells in the phase shift line, the phase shift effect will be achieved. And the phase shift can be calculated as:
where θ SW−1 and θ SW−2 are electrical lengths of the reference line and phase shift line, respectively. β SW−1 and β SW−2 are their corresponding phase constants. µ eqx−1 , µ eqy−1 and ε eqz−1 are effective medium parameters of the reference line, while µ eqx−2 , µ eqy−2 and ε eqz−2 are all for the phase shift line. Obviously, the phase shift θ SW is mainly affected by the corresponding differences between µ eqx−1 , µ eqy−1 , ε eqz−1 and µ eqx−2 , µ eqy−2 , ε eqz−2 , which are mainly determined by lengths b4, b5, b8 and d4, d5, d8, as well as widths a and e. Furthermore, in the practical design of the proposed SW-HMSIW phase shifter, all geometrical parameters are dealt with differently. Firstly, to ensure conditions of l1 = l2 and w1 = w2, longitudinal lengths of the polyline unit cells are supposed to follow the rules of (b1 + b2 + b3) = (d1 + d2 + d3) and (b6 + b7) = (d6 + d7). However, it is unnecessary for b2 = d2, b3 = d3, b6 = d6, and b7 = d7. Secondly, to simplify the design process and reduce the complexity of tuning and optimization in the numerical analyses, widths of the polyline unit cells are setup to be identical, i.e., a = e. Furthermore, by tuning transverse lengths of the polyline unite cells to satisfy conditions of (b4 + b5) = (d4 + d5) or b7 = d7, β SW−1 will be different from β SW−2 . More exactly speaking, the larger the difference between (b4 + b5) and (d4 + d5), or between b7 and d7 is, the larger the difference between β SW−1 and β SW−2 is, and the larger the phase shift θ SW is.
B. UNEQUAL-WIDTH EQUAL-LENGTH TAPERED TRANSITIONS
The inner impedance matching has been considered as one of the most significant matter for microwave engineering, since good impedance matching can ensure high performance for the component. Hence, to provide better impedance matching between the SW-HMSIW sections and 50-ohm microstrip lines in the phase shifter design, tapered transitions of various VOLUME 7, 2019 sizes are separately utilized into the reference line and phase shift line. Moreover, in order to keep the entire phase shifter with equal-width equal-length structure, tapered transitions of the reference line and phase shift line are setup with equal length as well, namely x1 = x2. Thus, only widths of the tapered transitions need to be tuned and optimized. Figure 11 gives influence from the unequal-width equallength tapered transitions on the reflection and transmission coefficients of the proposed SW-HMSIW phase shifter, which are captured by numerical simulations. For the simulation of Fig. 11(a) , the SW-HMSIW sections are designed with a phase shift of 90 degree, and tapered transitions are all with a length of 5 mm. Later, by tuning the widths of tapered-transitions y1 and y2 differently, different return loss performance can be acquired. From Fig. 11(a) , as width of the tapered transitions in the reference line y1 decreases from 3.5 mm to 2.5 mm, its return loss is improved about 8 dB from 3.5 GHz to 5.0 GHz, and about 5 dB from 6.5 to 8 GHz. Thus the return loss is over 12 dB through the entire passband. Whereas, with width of the tapered transitions of the phase shift line y2 increasing from 2.5 mm to 3.5 mm, its return loss performance will be enhanced about 2 dB to 5 dB over the passband. Therefore, it can be summarized that utilizing unequal-width equal-length tapered transitions in the phase shifter design is able to contribute to better return loss performance, and not ruin the overall equal-width equallength structure of the phase shifter.
Moreover, though the unequal-width equal-length tapered transitions can help to improve the return loss performance of the phase shifter, they will have effect on the phase characteristics as well. In fact, the tapered transition is a unique microstrip line that is able be equivalent as effective medium. Hence, the unequal widths of tapered transition can simultaneously influence distributions of the field lines in the substrate and air regions. Therefore, the effective permittivity of the tapered transition is varied as well, which will further impact on the phase constant [29] . In this way, the unequalwidth equal-length tapered transitions will lead to different phase constant characteristics, which can eventually produce an extra phase shift between the reference line and phase equal-length tapered transitions is calculated as: (11) where θ t1 and θ t2 separately represent the electrical lengths of the two unequal-width equal-length tapered transitions, and β t1 and β t2 denote their phase constants. x1 and x2 are physical lengths of the tapered transitions that have been given in Fig. 9, and x1 = x2 .
Subsequently, the two unequal-width equal-length tapered transitions can be regarded as unique microstrip lines, hence, their phase constant can be expressed as:
where ε et1 and ε et2 respectively denote effective permittivity of the two unequal-width equal-length tapered transitions. Besides, ε et1 and ε et2 are given approximately by:
Here, W et1 and W et2 are the equivalent uniform widths of the two unequal-width equal-length tapered transitions, respectively. ε r is the relative permittivity of the substrate. Then, for the unequal-width equal-length tapered transitions, W et1 and W et2 can be roughly calculated as:
where ws is width of the 50-ohm microstrip line in Fig. 10 and 11 . y1 and y2 are the larger-side widths of the tapered transitions in the reference line and phase shift line. Fig. 11(b) shows simulated phase shift between the backto-back structures of the unequal-width equal-length tapered transitions of the reference line and phase shift line, with geometries and dimensions of the back-to-back structures in the inset. Obviously, the difference between y2 and y1 can generate an extra phase shift about 2.0 to 2.5 degree from 3 GHz to 7 GHz, which is acceptable for the SW-HMSIW phase shifter. To improve the accuracy of realization and the agreement between simulation and measurement, it is much better to take the extra phase shift coming from the difference between the unequal-width equal-length tapered transitions into consideration in the phase shifter design. Therefore, for the proposed equal-width equal-length SW-HMSIW phase shifter in Fig. 10 , the effective function area of the reference line is bounded by planes AA' and BB', while the case for the phase shift line is defined by planes CC' and DD'. Hence, according to equations (10), (11) and Fig. 10 , the total phase shift of the proposed SW-HMSIW phase shifter is:
Meanwhile, the extra phase shift from the unequal-width equal-length tapered transitions can be easily compensated by tuning the transverse lengths or width of the polyline in the phase shifter design. Finally, the entire equal-width equal-length SW-HMSIW phase shifter shown in Fig. 10 is simulated by using the aforementioned full-wave simulator, with the optimized dimensions given in Table 1 .
IV. EXPERIMENTAL RESULTS
By using the standard printed circuit board process, the optimized equal-width equal-length SW-HMSIW phase shifter is fabricated on a Rogers RT/Duroid R 5880 substrate with a thickness of 0.508 mm, a relative permittivity of 2.2 ± 0.02, a dielectric loss tangent of 0.0009, and a relative permeability of 1. In the fabrication, the original substrate is firstly pre-cleaned firstly, then via-holes are mechanically drilled and chemically deposited with electroless copper. Thereafter, the photoresist is vacuum centrifuged on the top surface of substrate for further mask exposure. Later, the unwanted surface metal is etched and removed through chemical reactions, followed by post-cleaning for the entire circuit board. Afterwards, I/O ports of the fabricated phase shifter are soldered with four SubMiniature version A (SMA) connectors from Hunan Angels Electronics. Subsequently, the fabricated prototype of the SW-HMSIW phase shifter, with its photograph shown in Fig. 12 , is measured by using a Keysight PNA-X N5245A vector network analyzer. Before measuring the phase shifter, the default short-open-load-thru (SOLT) calibration is processed, which can remove out the unwanted influence from the coaxial cables on the measured results. On the other hand, as mentioned in Section 3, since the unequal-width equal-length tapered transitions have been integrated as part of the SW-HMSIW phase shifter, their impact on the phase shift performance shouldn't be remove out by the calibration. Moreover, in the operation frequency range of the proposed SW-HMSIW phase shifter (below 8 GHz), the SMA connectors can perform quite well with low insertion loss, high return loss and slight phase variation that are benefited from their small voltage standing wave ratio (VSWR) and low loss characteristics. Therefore, they will just affect the measured results of the SW-HMSIW phase shifter slightly. As a consequence, influence from SMA connectors on the measured results can be acceptable in practical applications, even though it cannot be eliminated by using the SOLT calibration.
Experimental results of the fabricated SW-HMSIW phase shifter are shown in Fig. 13 . First of all, magnitude deviation and phase shift between the phase shift line and reference line are defined as: Magnitude deviation = |S 43 | − |S 21 |; Phase shift = S 43 − S 21 . Secondly, as shown in Fig. 13(a) , the measured insertion loss of the fabricated phase shift line is less than 1.6 dB from 2.5 GHz to 8 GHz, while insertion loss of the fabricated reference line is no more than 1.1 dB over 3.3-8 GHz. Measured insertion losses of the phase shifter are a bit larger than the simulations, which is mainly influenced by the SMA connectors. Actually, according to the datasheet from Hunan Angels Electronics, the insertion loss of a single SMA connector can be simply evaluated as 0.06 × f 1/2 , where f is in unit of GHz. Hence, two connectors at the I/O ports will attribute an extra insertion loss about 0.21-0.35 dB to the phase shift line and reference line, respectively. Meanwhile, the tin wire used for soldering is typically with a conductivity of 8.67 × 10 6 S/m, which is much smaller than that of copper (5.88×10 7 S/m). Therefore, the soldering tin placed at the I/O ports will introduce additional conductor loss to the phase shifter as well. According to Fig. 13(b) , the measured return loss of the fabricated phase shift line is better than 13.5 dB from 2.7 GHz to 7 GHz, and return loss of the fabricated reference line is over 12 dB covering 3.5 GHz to 8 GHz. Furthermore, the measured and simulated magnitude deviations between the phase shift line and reference line are simultaneously illustrated in Fig. 13(c) . Obviously, the measured magnitude deviation ranges from 0.2 dB to -0.5 dB over 3.5-7 GHz, a bit larger than the simulated one. Moreover, it can be observed from Fig. 13(d) that the fabricated phase shifter achieves a phase shift of 87.5 to 93.5 degree, namely 90.5 ± 3 degree, from 3.53 GHz to 5.46 GHz, corresponding to a FBW of 43%. In addition, according to the photograph of the fabricated phase shifter sketched in Fig. 12 , the phase shift line and reference line are with identical physical size of 31.2 mm × 13 mm, corresponding to an electrical size of 0.20 λ 2 0 /ε r . Here, λ 0 means the free-space wavelength at the central operation frequency of the SW-HMSIW phase shifter. Therefore, the entire SW-HMSIW phase shifter, including the tapered transitions and the space between the reference line and phase shift line, is with an overall physical size about 31.2 mm × 27 mm, i.e., an electrical size about 0.41 λ 2 0 /ε r .
V. DISCUSSION
Comparison of the proposed equal-width equal-length SW-HMSIW phase shifter and some reported similar state-of-art works is listed in Table 2 , from which the performance of the proposed one can be evaluated more immediately. In Table 2 , the electrical size only contains size of the essential function part of the phase shift lines, while size of the impedance transitions of the phase shift line is not included, as well as the reference line. First of all, as compared with all the SIW phase shifters in Table 2 except [5] and [9] , the proposed one is with larger FBW. Although the SIW phase shifter loaded with metallic rods in [9] is with larger FBW, smaller magnitude deviation and lower insertion loss, its electrical size is much larger than that of the proposed one. Meanwhile, the phase shift variation of [9] is ±5 degree, which is larger than that of the proposed one. As the proposed SW-HMSIW phase shifter is with the same phase shift variation of ±5 degree, its FBW will increase to 47% as well. Moreover, as compared with the proposed phase shifter, the unequal-width equallength self-compensated one in [8] is also with larger FBW, smaller magnitude deviation and smaller insertion loss. Nevertheless, its electrical size is 2.1 λ 2 0 /ε r , about 9.5 times larger than that of the proposed work. Secondly, comparing with all the works in Table 2 except [5] and [19] , the proposed SW-HMSIW phase shifter is with the smallest phase shift variation. In fact, phase shifters in [5] and [19] are with identical phase shift variation range as the proposed one. Thirdly, thanks to the contribution from the ultra-low-loss air, the slab-loaded AFSIW phase shifters in [10] , [11] and [12] are with lower insertion losses and smaller magnitude deviations than the proposed one. However, these AFSIW phase shifters suffer the drawbacks of much larger electrical size and much larger phase shifter variation, which are resulted from the filled air as well. Subsequently, or more prominently, the proposed SW-HMSIW phase shifter has the smallest electrical size as compared with all other works in Table 2 . Particularly, comparing with the unequal-width equal-length slab-loaded AFSIW phase shifter in [11] , the proposed phase shifter has achieved a size reduction about 80.6%. In a word, as compared with all reported works in Table 2 , the proposed equal-width equal-length SW-HMSIW phase shifter is with the most compact electrical size and smallest phase shift variation, as well as quite large FBW. Additionally, among all works in Table 2 , only the proposed one and the conventional SIW phase shifter loaded with circular slots and metallic posts in [15] are with equal-width equal-length structure, thus making them can be arranged on a large scale much more easily than other unequal-length or unequal-width phase shifters. In a word, the proposed equal-width equallength SW-HMSW phase shifter is quite suitable for the complex multi-channel network applications.
Finally, the defected top metal cover of the proposed phase shifter will cause non-negligible radiation loss. Hence, it is significantly essential to estimate the influence from the radiation loss on the overall transmission loss performance. is setup with a dielectric loss tangent of 0.0009 and a magnetic loss tangent of 0. Meanwhile, copper is chosen as the metal cover material for the calculation of conductor loss. Figure 14 gives the calculated different transmission losses of the phase shifter. It can be easily obtained from Fig. 14(a) that the calculated radiation loss of the reference line ranges from 0.05 to 0.065 over 3-8 GHz, while its conductor loss is about 0.025-0.045 in the same frequency range. By contrast, its dielectric loss is less than 0.01, mainly benefited from the low-loss substrate. On the other hand, as shown in Fig. 14(b) , the phase shift line is with a radiation loss about 0.07-0.08 from 3 GHz to 7.5 GHz. The conductor loss ranges from 0.03 to 0.07, while the dielectric loss is less than 0.012. In addition, radiation loss of the phase shift line precipitously increases to 0.5 at 8 GHz owing to the parasitic resonance effect in the SW-HMSIW. Actually, this precipitous change in loss is corroborated by the transmission response of the phase shift line. As shown in Fig. 13(a) , simulated magnitude of the transmission coefficient of the phase shift line at 8 GHz, namely |S 43 |, is about −2.5 dB, which is much higher than the corresponding values at other frequencies.
VI. CONCLUSION
An equal-width equal-length SW-HMSIW phase shifter is designed, fabricated and measured. The phase shift principle is based on the physical fact that different lengths and width of the polyline unit cells can contribute to different phase constants and slow-wave effects. Measured results of the fabricated SW-HWISW phase shifter are in good agreement with its simulation, with 43.0% FBW and over 80% size reduction achieved. Compared with some reported similar works, the proposed phase shifter has much smaller physical size and better phase shift flatness. More importantly, its equal-width equal-length structure is much preferred for the complex multi-channel applications in future 5G systems, such as the large-scale phased array antennas and multi-input multi-output transmit/receive systems.
